Phenotypic divergence between closely related species has long interested biologists. Taxa 14 that inhabit a range of environments and have known and diverse, natural histories, can help 15 understand how different selection pressures shape diverging traits. In butterflies, wing 16 colour patterns have been extensively studied, whereas wing shape diversity is less well 17 understood despite its importance for flight. Here we study a measure of wing shape, aspect 18 ratio, and wing size in a large dataset of over 3200 individuals, representing 13 Heliconius 19 species, from across the Neotropics. We assess the relative importance of phylogenetic 20 relatedness, natural history and habitat in determining wing shape and size. We find that 21 both larval and adult behavioural ecology affect patterns of adult size dimorphisms. On one 22 32 33 Keywords: Heliconius, phenotypic divergence, wing morphology, Lepidoptera, 34 sexual dimorphism, altitude 35 36 129 then used to address the following questions. (1) Are there size and shape sexual 130 dimorphisms, and if so, do they correlate with known life-history traits? (2) To what extent 131 are species' wing shape and size variation explained by shared ancestry? (3) Are wing 132 shape and size affected by the elevations species inhabit? 133 Methods 134 STUDY COLLECTION 135 The wild specimens studied here were collected using hand nets between 1998 and 2018 in 136 313 localities across Panama, Colombia, Ecuador, French Guiana, Suriname, and Peru (Fig. 137 157 outliers on scatter-plots, which were examined, and removed from the analyses if the wing 158 extraction pipeline had failed. 159 160 Classen, A., I. Steffan-Dewenter, W. J. Kindeketa, and M. K. Peters. 2017. Integrating 595 intraspecific variation in community ecology unifies theories on body size shifts along 596 climatic gradients. Funct. Ecol. 31:768-777. 597 de Castro, É. C. P., M. Zagrobelny, M. Z. Cardoso, and S. Bak. 2018. The arms race 598 between heliconiine butterflies and Passiflora plants -new insights on an ancient 599 subject. Biol. Rev.,
hand, species with solitary larvae have larger adult males, in contrast to gregarious 23 Heliconius species, and indeed most Lepidoptera. On the other hand, species in the pupal-24 mating clade are smaller overall than those in the adult-mating clade. Interestingly, while 25 controlling for phylogeny, sex ratios and allometry, we find that species inhabiting higher 26 altitudes have rounder wings and, in one of the two major Heliconius clades, are also bigger 27 in size than their lowland relatives. Thus, we reveal novel adaptive wing morphological 28 divergence among Heliconius species beyond that imposed by natural selection on 29 aposematic wing colouration. Our study highlights the value of phylogenetic comparative 30 methods in study systems that have diverse and well-studied natural histories to disentangle 31 the selection pressures shaping adaptive phenotypes.
Introduction 37 Identifying the selective forces driving phenotypic divergence among closely related species 38 lies at the core of evolutionary biology research. Adaptive radiations, in which descendants 39 from a common ancestor rapidly fill a variety of niches, are ideal systems to investigate 40 morphological divergence. The study of adaptive radiations has revealed that evolution often 41 comes up with similar solutions for similar problems (Losos 2010; Marques et al. 2019) . 42 Speciose groups that have repeatedly and independently evolved convergent adaptations to 43 life-history strategies and environments are strong systems to study selection drivers 44 (Schluter 2000) . Nevertheless, adaptive phenotypic divergence is often complex and 45 multifaceted; with more than a single selective force in action (Maia et al. 2016; Nosil et al. 46 2018). For example in birds, sex differences in plumage colouration are driven by intra-47 specific sexual selection, while natural selection drives sexes towards more similar 48 colourations (Dunn et al. 2015) . Integrative approaches that make use of tractable traits 49 across well-resolved phylogenies are needed to explore the selective forces driving 50 phenotypic evolution. Differences in behaviour between sexes have been identified as one of the main drivers of 67 wing shape and size sexual dimorphism in insects (Rossato et al. 2018b ; Le Roy et al. 68 2019). In butterflies, males tend to spend more time looking for mates and patrolling 69 territories, while females focus their energy on searching for suitable host plants for 70 oviposition (Rossato et al. 2018b where an interaction between behavioural sex differences and extreme climatic conditions 94 have led to flightlessness in females of several species (Pyrcz et al. 2004 ).
96
Heliconius or "longwing" butterflies are an excellent example of colour pattern evolution for 97 aposematic mimicry, where co-occurring subspecies share warning colour patterns to avoid 98 predation, creating multi-species mimicry rings across South America (Merrill et al., 2015) . 99 Wing shape and size are part of the mimetic signal ( The wide range of environments that Heliconius species inhabit, together with their diverse 106 natural history and well-resolved phylogeny make them a good study system for teasing (Garamszegi 2014) . To test this, we first used an ANOVA approach, with species as a factor 219 explaining the variation of mean trait values. We then estimated within-species trait 220 repeatability, or intra-class correlation coefficient (ICC), with a linear mixed model approach 221 that had species as a random effect, specifying a Gaussian distribution and 1000 parametric 222 bootstraps to quantify uncertainty, implemented with the function rptGaussian() in rptR 223 package (Stoffel et al. 2017 ). By specifying species as a random effect, the latter approach 224 estimates the proportion of total trait variance accounted for by differences between species. 225 A trait with high repeatability indicates that species-specific trait means are reliable 226 estimates for further analyses (Stoffel et al. 2017 ). We, nevertheless, accounted for within-227 species variation in the models described below. Materials. 268 
Results

270
We obtained intact-wing measurements for 3243 individuals of 13 Heliconius species from 271 across the phylogeny and from over 300 localities (Fig. 1, Table S1 ). We have made all of 272 these wing images publicly available at the Zenodo repository. Sexual dimorphism in wing size was found throughout the phylogeny, but in opposing 276 directions in different species (Fig. 2) . Mean sizes were significantly different (P<0.05) 277 among sexes in all of the six best sampled species (see Table S1 for t-test summary Fig. S2 B) , whereas mean wing size showed a strong phylogenetic signal (Fig. 3 , 311 Abouheif's Cmean=0.33, P=0.01; SI: Fig. S1, Fig. S3 B) . Wing sizes of species in the 312 melpomene clade were on average 14.6% larger than those of species in the erato clade, 313 with H. timareta being 56% larger than H. sara (Fig. 3 C, timareta: mean=605.8 mm 2 , 314 s.e.=3.6; sara: mean=386 mm 2 , s.e=3.1). Nevertheless, when controlling for fixed effects on 315 wing shape and size (species mean: size/shape, altitude, latitude, sex ratio, size sexual 316 dimorphism), the residuals of both traits show a phylogenetic signal (SI: Fig. S2 A, C-Shape 317 residuals: Abouheif's Cmean=0.31, P<0.05; Fig. S3 A, C-Size: Abouheif's Cmean=0.21, 318 P=0.05). To account for the moderate within-species repeatability of wing size, we included intra-322 specific variance in the error structure of the phylogenetic generalised least squares (PGLS) 323 models for both wing traits. Altitude had an effect on wing size and shape (Table 1) . Species 324 wings got rounder with increasing altitudes both when accounting for fixed effects and 325 phylogeny ( Table 1, full model Table S2 , Fig. 4) . These trends were also evident when 326 examining raw mean wing shapes ( Fig. S3 A, Gaussian LM: F1, 9 = 5.37, P < 0.05, R 2 =0.30), 327 except in the H. telesiphe and H. clysonymus highlands clade, which showed significant 328 phylogenetic autocorrelation (Moran's I index: H. clysonymus 0.53, H. telesiphe 0.49). 329 Altitude had similarly strong effects on wing shape residuals for the erato and melpomene 330 clades (Fig. 4A, Table S2 ), but there were further clade-specific effects, i.e. evolutionary rate 331 shifts, that could not be accounted for by phylogeny alone in the PGLS models and that are 332 represented by the different intercepts in Fig. 4A . 333 
334
Species wing sizes increased with elevation (Table 1, full model Table S2 ). High altitude 335 species of the erato clade were bigger than their lowland sister species, both with PGLS 336 residuals ( Fig. 4B , blue, Gaussian LM: F1,10= 118, R 2 =0.97, p=0.001) and with raw wing size 337 ( Fig. S3 B, blue, Gaussian LM: F1,10= 17.1, R 2 =0.80, p=0.03). When examining the 338 melpomene clade patterns alone, we did not detect a size-altitude relationship (Fig. 4B) . At 339 the extremes of the erato clade elevational range were the highland species H. clysonymus, 340 which was 39% bigger than the lowland species H. sara (Fig. S3 B) . The phylogeny term of 341 the wing size model interacted with the fixed effects, and improved the fit and predictive 342 power of the model (Table S4) We also found that species inhabiting higher altitudes have rounder wings, after accounting 401 for phylogeny, sample size and intra-specific variance (Fig. 4 A) Wing size showed significant sexual dimorphism in more than half of the species studied 413 here, but some species had larger males and others larger females (Fig. 2) . In most 414 butterflies, females are larger than males, presumably because fecundity gains of increased 415 body size are greater for females (Allen et al. 2011). Indeed, the Heliconius species in this 416 study that tended to have larger-winged females were those that lay eggs in large clutches 417 (Fig. 2) , ranging from 30-200 eggs and whose larvae are highly gregarious (Beltrán et al. 418 2007). Thus, females of these species are likely investing more resources in fecundity than 419 males, which leads to larger body and wing sizes that allow them to carry and lay eggs in 420 clutches throughout adulthood. Selection for larger females is generally constrained by a 421 trade-off between the benefits of increased fecundity at the adult stage and the higher 422 predation risk at the larval stage associated with longer development times (Allen et al. (Fig. 2) . Male-male competition is high for Heliconius species, 433 as females rarely re-mate despite their very long reproductive life-spans (Merrill et al. 2015) . 434 In addition, large reproductive investments in the form of nuptial gifts from males can, in 435 principle, explain male-biased sexual size dimorphisms, as is the case in the polyandrous 436 butterfly Pieris napi whose male spermatophore contains the amount of nitrogen equivalent We found a strong phylogenetic signal for wing size, with species from the erato clade being 447 on average 12% smaller than those in the melpomene clade (Fig. 3 ). There are many 448 ecological factors that could explain this pattern, and all could have contributing effects that 449 are hard to disentangle (Fig. 3) . Firstly, the erato clade is characterised by facultative pupal- In the erato clade larger species are found at higher altitudes ( Fig. 4 B) , unlike the 483 melpomene clade species here studied. For example, the melpomene clade high-altitude 484 specialist H. hierax is smaller than many of its lowland relatives and, interestingly, clusters 485 with the other high-altitude specialists from the smaller erato clade (Fig. 4 B, species 8) . Two Our study demonstrates that multiple selective forces influence Heliconius wing size and 506 shape. One important issue in phenotypically diverging populations is distinguishing 507 between highly condition dependent or phenotypically plastic traits as opposed to heritable, 508 conserved traits. In this study we found that 74% of the variation in wing shape could be 509 explained by species identity, in contrast to 47% of the variation in wing size. High intra-510 class repeatability is often considered an indication of high trait heritability (Nakagawa and 511 Schielzeth 2013). Additionally, wing shape is predicted to be phenotypically more 512 constrained than size, because subtle shape variation can have large impacts on flight tests output see Table S1 . (Table S2) 
